Bonito extract (BE) has been shown to improve various fatigue-related symptoms. The possibility that the improvement of blood flow contributes to the improvement of fatigue-related symptoms has been reported. However, even though BE has been found to increase peripheral blood flow in humans, an understanding of its mechanisms has remained elusive. The purpose of the present study is to construct an animal model system with which the blood flow-increasing effects of BE can be examined. Using mice loaded with crowding stress, an attempt was made to reproduce the increases in peripheral blood flow observed in humans after a single administration of BE. In this study, the crowded-condition mice (20 mice/cage) showed significantly increased catecholamine levels (noradrenaline, adrenaline, and dopamine) in their circulating blood and a decreased rate of skin blood perfusion in comparison with the normal-condition mice (6 mice/cage). The rate of skin blood perfusion was significantly increased by BE in the crowded-condition mice in comparison with the controls, but not influenced by BE in the normal-condition mice. This suggests that BE expands the vascular diameter by affecting the constriction of vessels induced by catecholamines.
Bonito extract (BE) is commonly used as soup stock in Japan. Bonito (skipjack tuna, Katsuwonus pelamis) is the name given to various species of medium-sized, predatory fish of the genus Sarda in the mackerel family and is known as katsuo in Japan. It is smoked and dried to make dried bonito, katsuobushi, which is an important ingredient in dashi (Japanese soup stock). Dried BE (katsuobushi-dashi) has a specific flavor and is used extensively in Japanese cuisine (7, 15) and traditional foods in Japan; for instance, in kachu-yu (a soup containing dried bonito and soy paste) in Okinawa and in cha-bushi (a soup containing dried bonito, soy paste, and green tea) in Kagoshima. Furthermore, it is consumed as a nutritional supplement that is believed to promote recovery from fatigue. We have previously demonstrated the anti-fatigue effects of BE in both animals and humans. Animal studies have shown that the administration of BE aids recovery from physical fatigue (11, 18, 19) , and in humans the consumption of BE improves mental fatigue (13, 17) , visual fatigue (8, 9) , and shoulder stiffness (21) . To examine the factors that contribute to the recovery from fatigue brought about by ingestion of BE, the effects of BE on the peripheral circulation were studied. Skin blood flow in humans is increased by the ingestion of BE, reaching a maximum 25-30 min after the ingestion (22) . In another study, it became clear that the daily ingestion of BE for two weeks induces increases in skin blood flow at rest (20) . Furthermore, the changes in blood flow that occurred after the ingestion of BE were significantly correlated with changes in fatigue scores on the profile of mood states (POMS) questionnaire. From these results, it is probable that the improvement of blood flow contributes to some degree to made to reproduce the increases in the peripheral blood flow observed in humans after a single administration of BE. Measurements were also made to assess the changes in plasma catecholamine concentration under stress conditions.
MATERIALS AND METHODS
Samples. The mice were orally administered concentrated BE. The BE was a hot water extract of bonito muscle, and that used in the present study consisted of 20.8% free acids, 38.2% peptides or proteins, 4.5% minerals, and 11.7% organic acids. The composition of the BE is summarized in Table 1 .
Animals. Seven-week-old CD2F-1 male mice were purchased from Charles River Japan Co., Inc (Kanagawa, Japan). They were housed in an environmentally controlled laboratory in a 12 h light/12 h dark environment. The temperature was maintained at 23.0 ± 1.0°C and the humidity at 55.0 ± 5.0%, and food and water were available ad libitum. Before being subjected to the stress experiments, the animals were housed in groups of 6 in plastic cages (W160 × D350 × H145 mm) for 1 week. The Crowded group was housed 20 mice to a cage (W160 × D350 × H145, KN60101; Natsume Seisakusho Co., Inc, Tokyo, Japan) for 7~14 days. The Normal group was housed 5 mice to a cage (W220 × D320 × H135, KN600; Natsume Seisakusho Co., Inc). All experimental procedures were perthe improvement of fatigue symptoms. However, even though BE has been found to increase peripheral blood flow, an understanding of its mechanisms has remained elusive. In order to study its physiological functions, it is necessary to standardize the conditions of individuals and collect samples from bodies. Thus, we thought it vital to construct an animal model system to understand the mechanism of BE action.
To construct an animal model system that would enable us to obtain reproducible increases in blood flow using BE, we hypothesized that a lower initial blood flow would enable easier detection of increases in blood flow. Treatment with betamethasone (5) and loading of stress by overcrowding (10) are known to decrease blood flow in mice. Betamethasone is a member of the glucocorticoid family and is used for studies of the blood coagulation that may be produced while taking steroid preparations. As our initial purpose for examining the effects of BE on blood flow was to elucidate the factors that contribute to recovery from fatigue, and as fatigue is considered to be intimately related to stress, we thought it appropriate to use the model with decreased blood flow induced by overcrowding, as crowding stress is considered to represent social psychological stress. The purpose of the present study was to construct an animal model system with which the blood flowincreasing effects of BE could be examined. Using mice loaded with crowding stress, an attempt was DM: dry matter measurement was performed before the administration and at 10, 20, 30, 40, 50, and 60 min after the administration with the animals fixed in a prone position. To avoid circadian variation, two measurements were taken from each individual at the same time each day. The room was kept at a constant temperature.
Statistical Analysis. All values are presented as means ± standard error of the mean (mean ± SEM). Catecholamine levels were analyzed using an unpaired t test to compare the data of the normal-condition and crowded-condition mice. The effects of time, treatment, and time × treatment were evaluated by two-way repeated measures ANOVA. To compare the groups at certain times, post-hoc Tukey tests were used. All data analysis was conducted with the commercial software package (StatView 5; SAS Institute, Inc., Cary, NC, USA). A P value < 0.05 was regarded as significant.
RESULTS

Changes in body weight gain and catecholamines caused by the crowded-conditions (Exp. 1)
The crowded-condition mice had a significantly lower body weight gain than the normal-condition mice. The weight of the crowded-condition mice significantly decreased (P < 0.001), from 25.8 ± 0.3 g on day 0 to 25.0 ± 0.4 g on day 7. The levels of plasma catecholamines in the normal and crowdedcondition mice are summarized in Table 2 . There was a significant difference in the levels of noradrenaline, adrenaline, and dopamine between the normal-condition and crowded-condition mice. The levels of noradrenaline, adrenaline, and dopamine were increased significantly by overcrowding.
formed in accordance with the standards established by the Guide for the Care and Use of Laboratory Animals of Ajinomoto Co., Inc.
Blood catecholamines measurement (Exp. 1).
The animals were divided into two groups, one of which was housed in normal conditions and the other crowded-conditions for 7 days. The blood samples used for the catecholamine measurement were collected after decapitation. Each blood sample was mixed with EDTA for plasma preparation and then centrifuged at 1000 × g for 5 min. Plasma noradrenaline, adrenaline, and dopamine levels were analyzed by high-performance liquid chromatography with a fluorogenic reagent diphenylethylenediamine (HLC-725 CA; TOSOH Co., Inc, Tokyo, Japan) (31).
Measurement of blood perfusion in the skin (Exp. 2).
Blood flow was measured in the sole region using a laser Doppler blood-flow imaging system (PeriScan PIM; PERIMED, Inc, Stockholm, Sweden). This system mainly measures blood flow in capillary blood vessels located at a maximum depth of about 0.5 mm from the skin surface (27) . A beam of laser light was widely scattered and partly absorbed by the tissue being studied. Light that hits moving blood cells undergoes a change in wavelength, while light that hits static objects is unchanged. The magnitude and frequency distribution of these changes in wavelength are directly related to the number and velocity of blood cells but are unrelated to their direction of movement. A value calculated by multiplying the number of blood cells by the blood flow velocity was displayed as the blood flow. This experiment was performed using a crossover design, as shown in Fig. 1 . Mice housed in the crowded-conditions were divided into two groups, at Measurement 1, Group A was single-administered BE, and Group B was administered distilled water (DW), and at Measurement 2, Group A was administered DW, and Group B was administered BE. Also, an experiment using normal-condition mice was performed to examine the effect of BE without stress exposure as a control. The mice of each group were anesthetized with sodium pentobarbital (60 mg/kg intraperitoneal injection). Under anesthesia, an equilibration period of 25 min was allowed, and the effects of BE (430 mg/kg) or DW on peripheral blood flow was studied. Oral administration was performed directly through a polyethylene tube (PE20; Natsume Seisakusho Co., Inc). The sole cutaneous blood flow comparison to the normal-condition mice (6 mice/ cage). There have been many reports that feeding in overcrowded conditions induces decreases in body weight gain (2, 23) , increases in blood catecholamines (4), and decreases in skin blood flow (10) . In experiments conducted with hairless mice that were fed for 7 days in overcrowded conditions, the increases in blood catecholamines and the decreases in skin blood flow induced by overcrowded feeding depended on the length of loading and the degree of overcrowding (10) . In the present experiment, CD2F1 mice were fed for 14 days in overcrowded conditions. In preliminary experiments, no significant differences between the blood flow measured on days 7 and 14 of overcrowded feeding were observed, indicating that the skin blood flow was already at the lowest attainable level by day 7. With regard to the degree of overcrowding, the area per animal of the present experiment was around 2800 cm 2 as compared to the 3800 cm 2 used in a previous report (10) . These results indicate that the feeding in overcrowded conditions used in the pres-
Skin blood perfusion in crowded conditions (Exp. 2)
The sole blood perfusion measurements from the normal-and crowded-condition mice on day 7 are shown in Fig. 2 . Suppression of blood perfusion was elicited in the crowded-condition mice. There was a significant difference between the skin blood perfusion measurements of the normal-condition and crowded-condition mice.
The effect of a single administration of bonito extract on peripheral blood flow of normal-condition and crowded-condition mice (Exp. 2)
The results of the peripheral blood flow are shown in Fig. 3 . BE did not affect the blood flow of the normal-condition mice (Fig. 3a) , but it significantly increased the blood flow as compared to DW administration in the crowded-condition mice (Fig. 3b) . In these mice, the blood flow reached its maximum at 20 min after the administration of BE. DW did not affect the blood flow in either the normal-or crowded-condition mice. ANOVA showed a significant effect of sample changes on blood flow.
DISCUSSION
It is known that hierarchies develop in animals due to psychological interference produced between individuals when they are forced to live together in a narrow space. Thus, there are reports suggesting that the overcrowding stress model is similar to the stress produced in humans by everyday stressors (1). It is reported that overcrowding stress decreases body weight gain and increases the levels of glucocorticoids and catecholamines in the circulating blood in the same manner as depression and psychological stress (2) (3) (4) 23) . In this study, the crowded-condition mice (20 mice/cage) showed significantly decreased body weight gain in comparison to before the overcrowding. The crowded-condition mice showed significant increases in catecholamine levels (noradrenaline, adrenaline, and dopamine) in their circulating blood and a decrease in the skin blood perfusion rate in Table 2 Plasma catecholamine levels in mice under normal-and crowded-conditions
Group
Plasma catecholamines (ng/mL) Noradrenaline adrenaline Dopamine Normal 9.9 ± 0.5 4.7 ± 0.4 1.0 ± 0.1 Crowded 13.5 ± 0.6 6.6 ± 0.8 1.4 ± 0.1 "Crowded-conditions" represents housing 20 mice/cage, and "normal-conditions" represents 6 mice/cage for 7 days. Values represent means ± SEM (n = 10, 11). Significant differences vs. normal-condition mice (*: P < 0.05, ***: P < 0.001).
*** * * Fig. 2 Skin blood perfusion in mice under normal and crowded-conditions (Exp. 2). Crowded (20 mice/cage) environment-induced stress was applied for 7 days. Normal condition mice were maintained at 6 mice/cage. Values are means ± SEM (n = 10, 11). Significant differences vs. normal-condition mice (***:P < 0.001). Unit of vertical line (V) is arbitrary unit of this skin blood perfusion measuring system. ent study functioned appropriately to induce stress due to overcrowding.
We showed that the rate of skin blood perfusion was significantly increased by BE in the crowdedcondition mice in comparison with the controls. The skin blood flow reached a maximum 20 min after the administration of BE and decreased with time during the period between 20 and 60 min after administration. Nevertheless, the flow observed 60 min after administration tended to remain at a higher level than that before administration. These results resemble the changes in skin blood flow observed in human experiments after a single administration of BE (22) . Thus, we surmised that the skin blood flow-increasing effect of BE observed in human experiments had been successfully reproduced in the present animal model. The rate of skin blood perfusion was increased by BE in the crowded-condition mice but not in the normal-condition mice. Although the precise mechanisms by which BE produced increases in skin blood flow in the crowded-condition mice are not clear at present, the results of the present study suggest a connection between the blood flow-increasing effect of BE and the degree of stress at the initial state. In the crowded-condition mice, the blood concentrations of the catecholamines were high, and the skin blood flow was low at the initial state compared with normal-condition mice.
In this study, effect of BE on the blood concentrations of catecholamines was not examined, because blood sampling would affect the measurement of skin blood perfusion. In a human study, it was reported that BE improved the stress response, in terms of the autonomic nerve system dysfunction after a visual display terminal task using a personal computer (8) and the increase of the salivary cortisol concentration before calculation tests (12) . It was estimated that BE would repress the increase of blood catecholamines induced by crowded-condition stress. Blood adrenaline is produced in the adrenal medulla via the activation of the sympathetic nerves. Therefore, it is used as an index of the function of the adrenal medulla (29) . Noradrenaline is released also from sympathetic nerve endings following excitation of the sympathetic nervous system and affects adrenergic receptors in its target organs. Noradrenaline and adrenaline constrict the vascular smooth muscle of the skin blood vessels through the alphaadrenergic receptor (14) . Dopamine is the precursor of noradrenaline and is known to play an important role as a neurotransmitter in the central nervous system. Although the meaning/origin of blood dopamine is not clear at present, there are reports suggesting that dopamine acts an index that reflects the functional state of the sympathetic nerve (6) . It has been reported that the levels of blood dopamine and arterial blood pressure are increased by mental stress in humans (28). Ishida et al. (10) reported on the decrease in skin blood flow brought about by overcrowded conditions and considered it to have been brought about partly by the blood vessel-constricting action of catecholamines. The crowded-condition mice had increased levels of catecholamines in their circulating blood and a decreased rate of skin blood perfusion in comparison with the normal-condition mice, suggesting that the reduction of skin perfusion in the crowded-condition mice was induced mainly by the vasoconstrictive effects of stress-induced ca- Values are means ± SEM (n = 10). Groups differ overall (P < 0.05). Significant differences vs. DW (*:P < 0.05).
REFERENCES thecholamine release.
Kouno et al. (16) reported that BE inhibited the contractions induced by noradrenaline in a concentration-dependent manner in the rat thoracic aorta. Nozawa et al. (22) reported that blood flow increased, but that heart rate did not change after the ingestion of BE in a human study, surmising that the mechanism by which blood flow increases after the ingestion of BE may relate to the vasodilatory effects of BE. In the present study, although the rate of skin blood perfusion was not influenced by BE in the normal-condition mice, BE was effective in the crowded-condition mice, whose levels of catecholamines were increased and blood circulation was decreased. These results suggest that BE expands the vascular diameter by affecting the constriction of blood vessels induced by catecholamines. Arginine is a physiologic substrate for the production of endothelial nitric oxide (NO), a key vasodilator and a putative factor for vasodilation (24, 25) . Reportedly, a single administration of arginine (300 mg/kg) increases blood flow in rabbits (30) . In the present study, the amount of arginine contained in the administered BE was 14.6 mg/kg, a lower amount than that reported in a previous paper in which increases in skin blood flow were noted. Endothelial formation of glutamate from leucine increases cGMP, which is reported to mediate relaxation of vascular smooth muscle (26) . As BE contains arginine and leucine (7), it is possible that the effects were brought about through a combination of these components.
In conclusion, this is the first report to clarify the effects of BE on blood flow in an animal model system. Meanwhile, the rate of skin blood perfusion was not influenced by BE in the normal-condition mice, suggesting a connection between the effect of BE and the degree of stress at the initial state. The levels of three catecholamines with vasoconstrictive actions increased with the loading of overcrowding stress. Taken together, the BE might expand the vascular diameter by affecting the constriction of blood vessels induced by catecholamines. We plan to examine the effects of BE on the dilatation of blood vessels and explore further the fraction responsible for these effects.
